SECTION
INTRODUCTION

Porous asphalt pavement is one alternative solution to the problem of
stormwater drainage from parking and other low traffic density areas. In operation,
this type of pavement allows incipient rainfall and local runoff to soak through the
pavement surface course of open graded asphalt concrete mix and accumulate in a
porous base consisting of large open graded gravel from which the water would
percolate into the natural ground below, if this is possible, or would drain laterally
to a sump or channel.

The October 11, 1973 issue of Engineering News Record Magazine editorial-
ized on porous pavement development. Part of this editorial follows:

"Instead of pavements built of carefully graded materials topped
and sealed to be waterproof, porous soils might just as well carry porous
pavements. Let rainfall run through rather than run off. Save the cost
of curbs, gutters, drains, collectors, storm sewers, receiving basins. And
get a good skid resistant pavement surface in the process.

The idea has a freshness and simplicity about it. And if there are
flaws, they should be found in tests at experimental installations,
existing and planned. But we'll be surprised if the construction industry
does not grab this idea and run with it without waiting for the full
findings of tests. The only real danger can be misapplication, use of the
pavement onsoils that are not suited for it, not porous."

In regular applications for highway and airport runway construction, the open
graded asphalt concrete mix has variously been referred to as plant mix seal coat,
‘open graded mix, gap graded mix, popcorn mix, or porous friction course. This
material consists of an open graded asphalt concrete mixture with a high percentage
by weight of aggregate larger than a Number &4 sieve. The material is laid to a
thickness of 3/4 to | inch (1.91-2.54 cm). The resulting pavement has a coarse
surface texture and a high void ratio. The coarse surface texture provides pressure
relief channels to remove water under excess pressure between the pavement and a
vehicle tire. Also, the high void ratio provides channels for dissipation of pressure
and flow beneath the vehicle tire. Finally, the high void ratio also provides
temporary storage for surface water. Consequently, hydrostatic pressure cannot
build up in the film of surface water under a vehicle tire and hydroplaning potential
is eliminated. Conjunctively, the coefficient of friction between the tire and
pavement is almost equivalent to the coefficient under dry conditions.



The highway departments of California, Nevada, New Mexico, Utah and
Louisiana have been using plant mix seal coats because of their safety aspects for at
least the past 10 years. Application of this material to airport runways was
initiated in 1967 at Farnborough, England by the British Royal Air Force, and two
European air fields by the United States Air Force. Since 1947, the California
Highway Department has utilized open graded base courses under conventional top
paving to provide rapid drainage in problem areas.

In 1971, Franklin Institute Research Laboratories, under United States En-
vironmental Protection Agency (USEPA) sponsorship, investigated the use of a
porous base and a porous subbase in conjunction with a thicker application of the
plant mix seal coat (1). The intent of this experiment was to investigate the
potential of delivering water to the subbase rather than removing it to a storm
water collection system. Initial installations in Delaware and Pennsylvania (2)
proved successful and subsequent installations in Texas (3) have been scientifically
instrumented and monitored.

Currently, each porous pavement design is unique; therefore, it is evaluated
and permitted by regulatory agencies only after a long analysis and review period.
This report is prepared in an attempt to standardize the design approach and yet
allow the designer sufficient latitude for individual creativity. It is expected that
the data presented in this report may be sufficient to design simple parking areas
and residential streets. However, for complex conditions, a thorough analysis by
qualified professionals is essential for the design of a porous pavement.

In general, potential as well as existing users and review agencies have
expressed a need for data on three conditions regarding porous pavement systems.
These conditions are:

l. Construction feasibility, maintenance and design life.
2, Control and management of runoff peaks and volumes.
3.  Control and management of water quality degradation,

This report addresses these three issues and attempts to provide sufficient
data to indicate the desirability of porous pavement parking areas as a viable means
of drainage control and water quality enhancement.

The need to evaluate the runoff changes and water quality constituent
changes from urbanizing activities is paramount in the design of porous pavement
systems. Unfortunately, most engineering practice holds the view that all pave-
ments have to be evaluated solely from a runoff view point. Only recently has
water quality degradation become a point of concern for most practitioners and
public officials. It is anticipated that as the concern for water quality of urban
runoff becomes recognized, the need for porous pavement parking systems will
increase.



The study reported herein investigated all of the available data from existing
porous pavement sites. This data included the engineering design, hydrology,
pavement design, construction methods, operation and maintenance of the site and
problems encountered in construction and maintenance. All of this information was
condensed in Tables |, 2, and 3, and personal observations were added where
appropriate. However, the only scientifically instrumented porous pavement area is
at The Woodlands site in Texas (USEPA Grant No. 5802433). This data comptlcmon
should prove useful in evaluating the need for and designing porous pavemem‘s in
other areas of the United States.

The list of existing porous pavement areas presented in Table | is not
comprehensive and only indicates those areas for which data were readily available.
Numerous other porous pavement areas have been designed and constructed, but
researching these was beyond the scope of this study.



TABLE 1

EXISTING POROUS PAVEMENT AREAS

Number o Location

1A South College Avenue Parking Lot. Newark, Delaware
1B Orchard Road Parking Lot. Newark, Delaware

2 Marine Sciences Center. Lewes, Delaware

3 Woodlands, Texas

LA Bryn Mawr Hospital. Bryn Mawr, Pennsylvania

4B Bryn Mawr Hospital, Lot No. 2. Bryn Mawr, Pennsylvania
5% Havertown Hospital. HavertoWn, Pennsylvania

o) Newton, Savings Association Parking Lot, Washington

Crossing, Pennsylvania

7 Travelodge. Tampa, Florida

£ Salisbury State College. Salisbury, Mary#and

9 Powell Ford Park. New Castle County, Delaware

10* Coney lIsland Housing Pfoject. North of Nathans, New York
11%* Korman Interplex. Philadelphia, Pennsylvania

12 Bell Telephone Company, West Goshen Township,

Chester County, Pennsylvania

13 Bell Telephone Company. Newtown, Pennsylvania

14 Hollywood Hospital. Perth, Australia

15 Hamersley Headquarters Telecom. Perth, Australia
16* Zurich Hilton. Zurich, Switzerland

*Identified existing sites for which data were not available
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TABLE 2 (continued)

Porous Pavement Asphalt Mix Base Drains Remarks/
Site Thickness Thickness Installed Comments
inches inches
1A 2.5 12 30 ft. trench, 15 ft. X Asphalt was laid on hot day,
3 ft. L-shaped 3/4 inch trouble with rolling, trouble
stone with trucks disturbing subbase,
had to regrade.
1B 2.5 12 45 ft. trench, 15 ft. X Northwest Corner
3 ft. L-shaped 3/4 inch
stone
2 2.5 6 30 ft. trench, 15 ft. X Southwest Corner
3 ft. 3/4 inch stone
3 2.5 12 5-4" drains to nearby = ~mememmreme—————
creek
LA 2.5 10~14 Pavement Failed
4B 2.5 12 6%'" layers of 2" stone 5' back
from end of lot
7 -— - Breakdown of asphalt by large
trucks parking, water ponding
9 2.5 12 40 ft. trench 6.5 ft. X 1In place for 5 years, excellent
3 ft. in end of lot condition water runs off end of
lot
12 2.5 16 Mud from heavy equipment plugged
porous pavement lot, fork lifts
gouge pavement
13 4.0 8-20
14 1.2 4-6 Limestone base is less expensive
2.0 than crushed rock
15° 1.2 4-6
2,0
Note: 1 inch = 2.54 cm

1 foot = 30.48 cm
1 acre = 0.405 hectare
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SECTION 2
CONCLUSIONS

Porous pavements can be an effective means of reducing the increase in runoff
rates and volumes, and water quality degradation, resulting from urbanization
and/or other land use changes. The design of porous pavements has to be undertaken
with extreme care, particularly in areas where the natural soils do not have
sufficient permeability to naturally drain the stored runoff within a reasonable time.

The use of porous pavements is presently limited to parking lots only. Ideally,
these parking lots should be located on soils which have very low runoff potential or
which have a high percolation rate. Because all runoff from the site as well as
adjacent areas are effectively retained, it may be assumed that the entire area
contributing to the porous pavement has been removed from the surface hydrologic
regime. Consequently, the increase in runoff rates and volumes by urbanization is
offset by a reduction in drainage area.

The net downstream effect of porous pavements can range anywhere from a
reduction of runoff rates and volumes to below natural levels, or to the total
elimination of runoff from the immediate area. In either case, the effect
downstream can be quite substantial; in the case of storm sewers, the sewer
requirements may be reduced or eliminated, thereby providing substantial cost
reductions; and in the case of combined sewers, the number of overflows will be
reduced or eliminated, thereby providing direct benefits to the receiving water. In
both cases, the cost of additional drainage facilities is reduced; and, consequently,
the incremental additional cost of porous pavement systems may be recovered.

The water quality of urban runoff has been shown to be severely polluted in
some instances, but in all instances the runoff is at least partly contaminated. It is
obvious that just the infiltration and velocity reductions in porous pavements will
result in some suspended particulate removal and some chemical pollutant reduc-
tion. Preliminary data at The Woodlands site also indicate that nutrients can be
reduced to safely disposable forms and concentrations of some heavy metals can
also be reduced. In any case, the removal of water from the surface runoff regime
prevents the introduction of pollutants into the receiving water and creating
problems in downstream areas.

If it is known, or the possibility exists, that water infiltrating into the ground
could reach a water supply aquifer, adequate precautions should be taken to
determine that the surface runoff is not still contaminated when it reaches the
aquifer. If there is a possibility of adversely affecting the aquifer, the porous
pavement area should be designed to be sealed off from the aquifer recharge zone.
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If, on the other hand, the surface runoff is designed to be cleaned before it reaches
the aquifer, then the infiltration of runoff into the porous paving and into the
natural ground should be encouraged in order to enhance the water supply from that
aquifer.

Another cost reduction can be realized in the elimination of curbs and gutters
around the parking lot. Porous pavements will operate more efficiently and there is
less chance of debris accumulation on the parking lot if curbs are eliminated. The
removal of curbs is also aesthetically desirable.

The removal of surface water from porous pavement surfaces proves to be a
distinct advantage under wet road conditions when it has been found that porous
pavements are approximately 15 percent more resistant to skids. This expected
result was evaluated by testing at The Woodlands, Texas site (4).

A review of the size gradations recommended by various highway authorities
and the Franklin Institute Research Laboratories for composition of the aggregate in
porous pavements indicates that a minimum of two percent passing the Number 200
sieve was required to provide stabilization of the coarse aggregate fraction.
Consequently, the following size gradation is recommended for the open graded
asphalt mix.

Sieve Gradation
Size Recommended
" 100
3/8" 90-100
# 4 35-50
# 8 15-32
# 16 2-15
# 200 0-3

The total asphalt cement content for the mix is suggested to be between 5.5
and 6.0 percent. However, the actual percentage is a function of the source and
type of aggregate. The exact percentage must be determined in the field,
particularly if the characteristics of the aggregate are not known from previous
experience. Also, dry aggregate should be used to avoid vapor release after the
aggregate is coated. Insulated covers must be used on all loads during haul to
prevent the asphalt from crusting on the surface of the load. Also, medium to light
weight vibratory rollers are somewhat better for compaction of the open graded
asphalt mix. A set of sample specifications is included in Appendix A to this report.

The design of porous pavement goes contrary to the classical requirements of
high density and low air voids in the surface course and base course of conventional
asphalt paving. Also, the idea of exclusion of water from the base course as in
classical design has to be reevaluated in the case of porous pavement.



A two-inch (5.08 cm) top gravel course was found to be desirable to stabilize
the top of the gravel reservoir underlying the open graded asphalt mix. The gravel
reservoir is designed to control the total volume of runoff computed for the area
based on a preselected design storm and a hydrologic analysis of the area. Because
the length and width of the base reservoir are generally limited by the dimensions of
the parking lot, the only variable dimension can be the depth. If sufficient depth
cannot be obtained due to physical limits, additional relief drainage structures such
as french drains and pipe drains may be installed. In this case, the cost of such
structures can be quite expensive, and consequently, conventional drainage schemes
may become cost-competitive and viable alternatives. If the subbase does not drain
at a sufficient rate, relief drainage structures may be incorporated or additional
excavation or replacement with material having more desirable drainage charac-
teristics may be contemplated. “ ‘

The total thickness of the base reservoir should be the largest depth
requirement for the bearing strength of the wet subbase, the hydrologic storage
requirements, or the frost depth for the site. In most cases, the hydrologic depth
requirement and the bearing strength of the soil are dependent upon the area
contributing to the porous pavement site; consequently, the frost depth may be the
governing or limiting factor (except in the case of very weak supporting soils). A
deep base may also be required to support heavy traffic loads.

The initial costs of porous asphalt can go as high as 35 to 50 percent above the
cost of conventional paving. However, the major reason for this difference is the
new technology involved in porous pavement production, primarily in gradation
requirements and the narrow limit on asphalt cement content in the hot mix. If
curbs, gutters or storm sewers are not required, the total cost of the parking lot can
be comparable to or cheaper than a conventional parking lot, especially if the
aggregate source for the asphalt mix as well as for the base reservoir are easily
available.  Therefore, it is anticipated that with the construction of additional
porous pavement areas, technology transfer should be facilitated. Also, construc-
tion crews will become more familiar with the process, -and contractors will be able
to bid lower on porous pavement jobs.

The hydrologic design for porous pavements has been adopted onto a computer
program, PORPAV, which is available as a stand-alone program or as a subroutine
within the USEPA Storm Water Management Model. Both versions can be used to
determine the storage requirements for a given areq, size, design storm, and
permeability and void ratios of the component parts and existing soil.

For most efficient operation of porous pavements it is desirable that the
subbase not be compacted or be only minimally compacted. This will retain the
original permeability of the soil which can be substantially reduced after
compaction.

12



SECTION 3
RECOMMENDATIONS

The design of porous pavement parking lots is just emerging from the
experimental phase. Most porous pavement users and designers would agree that
further research and test demonstration pavement areas must be installed. Al-
though existing porous pavements have performed more than adequately and have
required minimal maintenance, some questions still remain. These include quanti-
fication of runoff and water quality changes, the long-term effects of continuous
saturation of the subgrade, maintenance and potential for plugging, aggregate
gradation and asphalt content in the hot mix, construction material types, and the
economic efficiency of using this type of pavement under existing regulations. Also,
the operation of porous pavements under snow and ice conditions should be
evaluated in detail.

Instrumented porous pavement systems would be desirable. This instrumen-
tation should provide information on rainfall, drainage, soil moisture, and water
quality effects; the data provided should be continuous during the progress of a
storm, thereby allowing an evaluation of dynamic changes in runoff and water
quality. Toward this end, a detailed analysis is being undertaken in Phase Il of this
study. Phase Il includes the evaluation of porous pavement and comparison to
various other pavement types. The data to be collected should prove helpful in
identifying the drainage and water quality benefits to be derived by porous
pavements for a variety of rainfall events. Also, presently unpredictable problems
may be uncovered.

The following paragraphs discuss specific recommendations in regard to future
analyses that may be conducted for porous pavement systems:

1) A detailed evaluation of runoff and water quality with respect to
porous pavement must be conducted. It would be desirable to determine these
characteristics under various rainfall intensities and climates. At present, the only
site thus observed is at The Woodlands, Texas. It would be interesting to determine
if pavement infiltration rates can be exceeded by naturally occurring rainfall
intensities because pavement environmental factors may affect the pavement
infiltration rate. Also, factual data is required for all climates in order to prove
porous pavement is truly effective world-wide. Particular attention must be paid to
winter conditions - the effects of freezing, de-icing materials, and maintenance
(snow removal, etc.). The Naval Civil Engineering Laboratory has surveyed five
porous friction courses in Great Britain and West Germany. Although the evalu-
ations were favorable in regard to service life in cold climates, similar efforts for
comparison purposes should be undertaken in the United States, particularly in the
mid-western and mountainous parts of the nation.
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2)  Another aspect of porous pavement evaluation is the duration of
base saturation and its effect on pavement life and load bearing capacity. Because
existing conventional pavements may have saturated bases for extended periods as a
result of infiltration through pavement surface cracks, it seems that base and
subbase saturation should not be a problem, particularly since pavement strength is
based on saturated conditions. Although conventional roadway base material has a
critical water content limit, in large graded base material, where load transfer is
basically independent of water content, the load-bearing capacity of the base may
not be substantially affected. However, the subbase may lose some strength. This
loss in strength may be related to the proportion of granular materials in the
subbase. 1t would be desirable to investigate this loss of strength characteristic for
various subbase materials. Only site condition evaluation can determine the design
adequacy under a non-uniform dynamic traffic loading situation. Also, if the gravel
tends to become embedded in the saturated subbase during pavement loading, the
efficacy of a more stable but permeable membrane (filter cloth) or sand layer must
be investigated.

3) A third and conjunctive area of interest is the change in water
quality as runoff moves through the surface course into the base course and finally
into the subbase. These changes may also depend on the detention time in the base.
If any correlation between detention time, base and subbase chemical composition,
and water quality can be determined, the design of porous pavement systems for
water quality would be vastly improved. As a result of rapid introduction of
polluted runoff into the subbase, the effects on soil chemistry and biology as well as
ground water must be considered. Anaerobic bacteria culture in the base may allow
biological water treatment processes to be introduced into porous pavement
systems. One major problem will be the assurance of bacteria medium survival
during dry periods between storms. If this approach proves successful, the
efficiency of porous pavement systems with regard to water quality control will be
greatly increased.

4)  The question of porous pavement surface clogging by urban dirt and
sand is of concern to most users. The feasibility of pavement clogging and the
efficiency of currently available equipment to restore premeability should be
investigated in order to provide maximum life expectancy of the pavement.
Existing data indicate that the surface of porous pavement is not easily clogged
under general use, but accidental spills of cloggable material do result in reduced
pavement permeabilities which can be restored with vacuum cleaning and hosing
with a water jet. In extreme cases, additional drain holes may be required to be
drilled in the pavement surface course.

5)  Loss of cementitious properties in the asphalt or polishing of base
gravel by certain pollutants in runoff, e.g., acidic rain or spilled gasoline, must be
investigated. The results of this effort will provide means of identifying critical
localities or undesirable pollutants for which adequate precautions must be taken, If
a certain pollutant is found to be undesirable, porous pavement systems designed for
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this area should be located away from runoff carrying these pollutants. Another
phase of this investigation should address the feasibility of using an impermeable
liner between the base and subbase. This results in storage of runoff for future
treatment or disposal and consequently the effects of long-term contact with
polluted runoff must be evaluated. '

6) A standard set of construction specifications should be developed
for open graded porous pavement mix design and construction. However, the
specifications should be flexible enough to allow certain design changes if needed.
Also, the design procedure and guide specifications for porous pavement as supplied
in this report should be investigated and utilized whenever possible.

7)  The aggregate gradation and asphalt content for the porous pave-
ment and porous friction course mixes should be standardized so as to provide
greater acceptability by the design engineer and contractor. Standardization should
be on a regional or local basis because of material availability and construction
methods. This approach will allow a more standard pavement structural design and
will obviate the need to conduct a large series of tests for each project.
Furthermore, as engineers and contractors gain experience in this type of pavement
construction, and as research on the design of mixes provides for an optimum design,
the cost of designing and installing porous pavement lots will probably be reduced.
The development of asphalt additives, e.g., neoprene, or other binding agents to
improve porous pavement service life and performance must be evaluated. As the
acceptability of porous pavements increases, these new materials may become
evident by exposure to different paving materials.

8)  Asphalt hot mix plants should be reorganized to provide uniform
stockpiles and desirable aggregate cold feed in order to assure that the aggregate
will have the desired properties identified in the specifications.

9)  The economy of porous pavement usage relative to conventional
paving must be evaluated because this aspect will be of major concern to most
owners and developers of porous pavement systems. In particular, if all aspects of
porous pavement need not be considered, e.g., areas where urban runoff water
quality is not of concern, then the cost comparison to conventional paving may not
be as complete or as valid, especially at present when construction experience leans
heavily toward conventional paving.

10) Public awareness of the porous pavement approach to runoff and
water quality control must be encouraged because most people do not generally
recognize any difference between porous and conventional asphalt pavements which
are similar in appearance. Increased public acceptance of proven porous pavement
systems will result in rapid responses to public demand by local government officials
and planning and designing communities.



SECTION 4
BACKGROUND

The Federal Water Pollution Control Act Amendments of 1972 (PL 92-500) set
forth the requirements to insure "fishable and swimmable water" throughout the
nation by 1983 and to eliminate any polluting discharge into these waters by 1985.
Section 208 of this Act provides for areawide water quality management planning

which has subsequently been authorized under various sections of the Federal Clean
Water Act of 1977 (PL 95-217). :

The accumulation and analysis of water quality data from urban areas by
various investigators (5, 6, 7) has indicated that storm water runoff is a major non-
point source of pollution. Structural measures to alleviate this problem have often
been the solution; however, former USEPA Administrator Russel E. Train (8) and
other proponents of non-structural measures, specifically land use controls, have
been recognized and appreciated in recent years. The primary objective of land use
controls is not exclusion of specific uses, but rather inclusion of land use practices
which do not degrade the receiving water quality. The installation of porous
pavements in urban areas is one significant land use practice which can be used to
meet the water quality objectives of PL 92-500.

A second set of Federal legislation which affects land uses in urban areas is
Section 1302 of the National Flood Insurance Act Amendments of 1968, which
encourages state and local governments to "make appropriate land use adjustments
to restrict the development of land, which is exposed to flood damage..." This
objective was enforced by the Flood Disaster Protection Act of 1973 (PL 93-234) by
requiring states and local governments, as a condition for future Federal financial
assistance, to participate in the flood insurance program and to adopt adequate
flood plain ordinances with effective enforcement provisions.

The enforcement of these ordinances is contingent upon a stable hydrologic
regime; however, Brater (9), Espey, Morgan and Masch (10), McPherson (I1), and
others have indicated increased runoff rates and peak discharges after urbanization
which result in downstream land which originally experienced no flood hazard
becoming flood-prone. Therefore, upstream land use practices impact upon down-
stream areas, and, in recognition of this fact, numerous municipalities have enacted
legislation to prevent increases in runoff rates, and sometimes volumes, from
development sites.

The use of porous asphdh‘ pavement for runoff control and water quality
enhancement is a relatively recent development. Open graded (large size aggregate



only and therefore porous) asphaltic mix was initially developed and tested for
safety applications as friction courses on conventional paving.

Porous friction courses 3/4 to | inch (1.91-2.54 cm) thick are used on
conventionally paved and impermeable surfaces with the objective being to remove
surface water from the pavement and still maintain a dry base strong enough to
sustain design traffic loads.

Porous friction courses allow drainage through the voids in the mix, and if
adequate transverse grades are provided, out to the shoulders. The rapid removal of
surface water results in minimum pressure build-up under moving vehicle tires and
consequently, increased wet skid resistance and elimination of hydroplaning, as
previously described.

The elimination of hydroplaning and the improved wet skid resistance by
application of open graded asphaltic mix to conventional paving encouraged the
highway departments of California, Nevada, New Mexico, Utah, and Louisiana to
incorporate open graded friction courses in their highway design. The aforemen-
tioned safety features also instigated the use of porous friction courses for airport
runways; initially at Farnborough, England in 1967, by the British Royal Air Force,
and by the United States Air Force at two military air fields in Europe. In 1971, the
United States Naval Facilities Engineering Command installed a porous friction
course on the main runway at Hensley Airfield at the Naval Air Station in Dallas,
Texas. Concurrently, the United States Air Force Weapons Laboratory constructed
test strips of 8 different porous friction courses at Kirtland Air Force Base in
Albuquerque, New Mexico (12). Subsequent applications of porous friction courses
include Peace Air Force Base, New Hampshire; airports at Salt Lake City, Denver,
Greensboro (North Carolina); and several more state highway departments, including
Colorado, Kentucky, and Pennsylvania.

In all of these early investigations, emphasis was placed on removing surface
water laterally through the asphalt bound open graded matrix. Although the rate of
runoff was also affected, this aspect was not investigated. The total design for this
system also required a permanently sealed and prepared base and, therefore, the
runoff volume of the paved area was unchanged by addition of the open graded
overlay.

On the other hand, the use of an open graded base course was first
incorporated into highway design in 1947 on United States Highway 99, near Red
Bluff, California. 7.1 miles (l1.4 km) of this highway were constructed with a
3/4-inch (1.91 cm) conventional asphalt concrete wearing course over an open
graded asphaltic concrete binder course, 2.4 inches (6.10 cm) thick, underlain by a
é-inch (15.24 cm) cement treated base and a gravel subbase. After |0 years of
service under heavy truck traffic, this road was still in very good condition and has
required minimum maintenance (13).



Since 1966, the United States Forest Service has been using permeable
materials to repave forest roads in the Pacific Northwestern states. This pavement
consists of 4 to 10 inches (10.2-25.4 cm) of crushed rock, held together with asphalt
binder and a thin chip seal wearing course. Most of these roads carry large numbers
of heavy logging trucks rather successfully because the water drains into the
pavement and, because of the generally steep grades, water drains away from the
roadway very quickly (14).

This concept of using an open graded gravel base between an existing prepared
subbase and a conventional asphalt concrete or concrete wearing course has been
developed and applied to several areas in California. The theory behind this concept
is to rapidly remove any water that percolated into the open graded base. This
removal is achieved by means of drain pipe collectors which discharge into adjacent
roadside ditches. This approach is based on the idea that the best solution for
pavement drainage is to install an artificial drain system under the wearing course
to prevent saturation of the underlying subbase layers of soil. Water filtering
through the cracks in the pavement is rapidly discharged horizontally through the
gravel base so it does not stand on the subgrade long enough to saturate and weaken
it. A total pavement thickness of 8 to 10 inches (20.3-25.4 cm) was found to be
sufficient for highway design. A typical cross-section of an installation near
Redwood City, California is shown in Fig. | (14). This installation was constructed
in 1970. .

During 1970 and 1971, the Franklin Institute Research Laboratories in Phila-
delphia, Pennsylvania, under contract with the USEPA, attempted to combine the
porous friction course and the porous base concepts and thereby control runoff and
enhance water quality. They investigated the use of an open graded asphalt mix
underlain by a gravel base course and a minimally compacted subbase as a potential
solution (I). The successful test results suggested a unique approach to meeting the
requirements of the Federal Water Pollution Control and Flood Disaster Protection
Acts. Several applications of this technology, generally referred to as porous
asphalt, are now in operation mainly on the eastern coast and Gulf of Mexico regions
of the United States, as listed in Table I.

18



NOILVOINddV 3S4N0J 3svE a3avyd N340 TVNIOIHO
| 34N9ld

T." [
q. e
‘g AN
.0 a.eo “
. N/ / appibgns _—a
w w petopdwod
o P
. V% as0q
A %904 peysnid
ujoap odid — <o ROIITASTIIINS SN NN TN \2 |
Ijom sot z ~—%T o
wsogq Yoo — | . - ¢ M o ° o 4.0 g..o..s
{ T 9. @t : i 0 ‘ ° ooeoo.
Z_ 4 5 NI i

-
Q#Uuo 0\0 _ C_z

juawanaod
9}a1ou0d 21}joydsy

19



SECTION 5
DESCRIPTION OF POROUS ASPHALT PAVEMENTS

In general, porous pavement is composed of four layers:

.  Minimally compacted subbase consisting of undisturbed existing
soil or, in the case of unsuitable base soils, an imported and
prepared base course.  Auxiliary drainage structures (French
drains, pipe drains, etc.) may also be required.

2.  Reservoir base course consisting of | to 2 inches (2.54-5.08 cm)
diameter crushed stone aggregate. The thickness of this layer is
determined from runoff storage needs and frost depth consider-
ations as described later in this report.

3.  Two inches (5.08 cm) of %-inch (1.27 cm) crushed stone aggregate
to stabilize the reservoir base course surface.

4,  Porous asphalt concrete surface course whose thickness is based on
bearing strength and pavement design requirements. In most
applications, 2% inches (6.35 cm) has been found to be sufficient.

A typical porous asphalt pavement cross-section is presented in Fig. 2. The
following descriptions are adapted from Thelen and Howe (15).

The Subbase

All soils under roads may become wet, but they must drain in order to
maintain their bearing strength. Because soils under porous pavement will get wet,
they must be permeable to water; they must not heave due to freezing or thawing,
and they must not swell or substantially lose their strength when wet. Most soils
can meet these requirements if proper drainage is available. In current practice it
is very important that the subbase under conventional pavement remain dry and that
pavements often may be wet due to cracks in the pavement, percolation through the
shoulders, and capillarity from ground water. However, base strength is essentially
retained because free water can drain away, leaving the soil particle structure
intact. Soil strengths, as defined by the California Bearing Ratio, are measured on
wet soils because soil wetness is anticipated.

The contaminants on a road surface can range from random spills and

pesticides to engine fuel residues. In a storm sewer or street system, they are
typically collected in the initial runoff and discharged at one point in a receiving
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FIGURE 2
POROUS ASPHALT PAVING TYPICAL SECTION



stream; in the porous pavement system they are delivered to the soil over the entire
area of the pavement. :

It is expected that contaminated water will tend to be purified as it passes
through the soil, as a result of absorption of contaminants by soil particles, bacterial
action, and dilution. On the other hand, water passing through soil may leach out
minerals and pick up bacteria.

At the Franklin Institute Research Laboratories, preliminary tests indicated
that aerobic bacteria can live in the soil under porous pavement; these could act like
sewage treatment plants to digest organic contaminants. At The Woodlands, Texas
site (4), aerobic digestion was discovered, with ammonia in the runoff being con-
verted to nitrites and nitrates. Further reduction was not possible due to
faulty drainage of the subbase. However, the nitrogen in the runoff from
the control pavement was mostly nitrates. Both total organic carbon and
chemical oxygen demand were much Tower in the porous pavement percolate than
in the runoff, because of bacterial action in the base and subbase. The

Timestone base material also raised the conductivity of the percolate which
then neutralized the carbonic acid in the rain and runoff.

Even though initial runoff had high lead concentrations, the percolate at The
Woodlands site showed practically no lead, because of faulty drainage of the
subbase, so that the percolate was diluted by storage, and because lead accumula-
tions were not significant.

The Reservoir Base Course

In conventional pavement, the base consists of stones, sand, and dust particles
packed into a dense mass and designed to transmit mechanical loads from the
hardtop to the soil below.

In porous pavement, the base consists of large-sized and graded stones, lightly
rolled into an open, interlocking structure which not only transmits mechanical
loads, but also stores runoff water which the soil cannot immediately absorb. This
water is held in the reservoir formed by voids in the rock matrix until it can
percolate into the soil. For size gradations recommended in this report, the voids
will be as high as forty percent of the total volume. Of course, if the soil has a
higher permeability rate than the rate of rainfall, a reservoir is not needed.
However, this is unlikely because maximum rainfall intensities of design storms are
generally much higher than the infiltration rates of most soils.

The aim of having a reservoir is to store runoff water for several hours to
allow it to percolate into the soil. On sloping pavements, base areas at the higher
end of the site are not credited with storage capability even though water enters the
base in these areas, because they drain laterally and do not contribute to the
percolation system at the higher end of the site.
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- Because the base reservoir serves a purpose similar to retention basins, runoff
from roofs or other impervious and pervious surfaces could be drained into it; but
the base must be designed to have the required capacity.

The aggregate used in the base must be hard and durable. Generally it is
angular and not round. Crushed stone is the most desirable material because the
aggregate interlocks very well. Rounded gravel must be avoided for all areas where
heavy traffic is anticipated. = The crushed stone should come from one of the
following rock groups:

(@) Granite
(b) Basalt
(¢) Gabbro

(d) Porphyry
(e) Blast furnace slag

Limestones which are susceptible to polishing by water should be used in only special
situations where design loads are within the loading limits for this type of material.

The Reservoir Top Stabilizing Course

To assist in final grading of the reservoir base course to stabilize the surface,
a two-inch (5.08 cm) layer of %-inch (1.91 cm) crushed stone aggregate is recom-
mended. Based on previous construction experience, this stabilizer course is
necessary because construction vehicles hauling the asphalt hot mix across the
reservoir course would create ruts which consequently require constant regrading to
finished grade immediately prior to application of the hot mix.

Open Graded Asphalt Concrete Surface Course

Porous asphalt consists of a wearing course of open graded asphalt concrete
laid over a base course of uniformly sized aggregate. It differs from conventional
asphalt concrete chiefly in that it contains very little dust or sand; its void volume
typically is around |6 percent, as compared with the two to three percent void
volume of conventional asphalt concrete,

Asphalts used in asphalt concrete range from 50 to 100 penetration grade,
depending upon the ambient temperatures and viscosity characteristics desired. In
general, the grades used in a given locality for conventional asphalt concretes will
suffice for porous asphalt as well. However, the porous product is more subject to
scuffing, such as occurs when the front wheels of stationary cars with power
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steering are turned. It is therefore suggested by Franklin Institute Research
Laboratories that for porous asphalt, 50 to 60 penetration grade be used in the South
(Texas, Florida, etc.), 65 to 80 in the mid-Atlantic states, and 85 to 100 penetration
grade in the northern states.

The percent of asphalt should be specified between 5.5 and 6, based on the
total weight of the pavement. The lower limit is to assure adequately thick layers
of asphalt around the stones and the upper limit is to prevent the mix from draining

asphalt during transport, particularly if it is accidentally shipped at a temperature
of over 300° Fahrenheit (149° C). ,

To avoid damage due to photo-oxidative degradation of the asphalt (since air
and sunlight can penetrate further), the asphalt coatings on the aggregate surfaces
should be thicker than usual. In this case, the asphalt can form skins or otherwise be
mildly degraded without significant loss of cementitiousness. ' ;

The open graded asphalt concrete is similar in Marshall properties (strength
and flow) fo conventional asphalt concrete. Hence, the usual thickness of base
course and paving should satisfy load requirements. The base course thickness may
have to be increased to provide greater reservoir capacity where runoff volumes
and/or soil percolation require it.
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SECTION 6

ADVANTAGES AND DISADVANTAGES OF
POROUS ASPHALT PAVEMENT USAGE

The primary design objective of porous asphalt pavements is to control runoff
rate and volume increases and water quality degradation resulting from developed.
and impervious areas in deference to the requirements of the Water Pollution
Control and the Flood Disaster Protection Acts. However, numerous other primary
and secondary benefits are also realized with porous asphalt pavements. Each of
these benefits is identified and discussed in this section but the intensity of each
benefit is a site- and region-specific function and therefore a relative evaluation
was not attempted.

The advantages and/or benefits one may reasonably expect from porous
asphalt pavements are as follows:

1)  Runoff rate and volume control in areas where pervious ground is
replaced with impervious cover. The main impact is a substantial reduction of
runoff rate and volume from impervious areas. If the pavement and reservoir base
are designed adequately, all of the runoff may be detained and released at a rate
adequate to prevent increases in flood flows. Concurrently, the stored water may
be allowed to infiltrate into the natural ground.

2)  Erosion control on unprotected overland flow and channel areas.
Because impervious areas generate higher rates of runoff than pervious areas, the
erosive capacity of the flow is also increased by means of increased depth of flow
and increased velocities. Consequently, overland flow and channel areas down-
stream from impervious areas would experience additional erosion and sediment
removal. However, the use of porous asphalt pavement systems would reduce or
entirely remove the excess runoff problem and therefore considerable benefits may
be derived from bank and soil protection and sediment reduction.

3) Water quality enhancement will be evident in areas where the
runoff generated from impervious areas has the potential for becoming contamin-
ated, as in the case of industrial and commercial land use areas. If the pollution is
not toxic and depending upon its characteristics, detention in the reservoir layer and
percolation through the subbase may be sufficient to reduce the pollution to
acceptable levels. '

If the stormwater requires treatment for toxic or non-filterable substances, it
may be stored in porous pavement systems isolated from the natural ground by an
impermeable membrane until treatment plant capacity becomes available. Thus,
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treatment plant capacity does not need to be expanded. Also, detention of highly
polluted initial runoff by the porous pavement, and dilution by less polluted
subsequent runoff can result in acceptable pollution concentrations throughout the
storm duration.

4)  The need for curbs and storm sewer installation or expansion may
be avoided. In already urbanized areas, such as established areas of most cities as
well as existing shopping centers, where the storm sewer network was designed and
installed prior to excessive impervious cover development (parking lot expansion,
etc.), the storm sewers may become overloaded, and if parking lot or roof storage is
not a design criterion, the disposal of excess runoff becomes a problem that porous
pavements could solve. This benefit is enhanced in areas with combined sewerage
because the probability of sewer overloading and the resultant discharge of raw
sewage into the receiving water is reduced.

In areas of slight topography or with minimal soil depths, the cost of installing
storm sewers is very high because both sewer size and excavation volumes are high.
The use of porous pavements in these areas reduces both sewer size and excavation
depth, thus resulting in a net savings in drainage costs.

5)  Natural drainage boundaries and patterns can be maintained.
Consequently, elaborate drainage schemes to collect and deliver runoff to a safe
conveyance will not be necessary. Instead, drainage boundaries existing prior to
development may be retained without sacrificing the finished grade of the paving.

6) The nuisance factor to pedestrian and motorist arising from
standing puddles in parking lots, streets, and detention basins will not be a problem.
Also, disease vector control (mosquitoes, etc.) may be accomplished through the use
of porous pavement systems.

7)  Natural vegetation and drainage patterns can be retained by the
use of porous pavements. Consequently, the clearing of trees from large areas for
parking lots is unnecessary and secondary aesthetic benefits are also derived. This
also applies to roadside vegetation in highly developed areas where, under conven-
tional paving, the soil moisture is severely deficient.

8) . Groundwater recharge may be possible with porous asphalt paving.
In water deficient areas, impermeable paving may prevent recharge to a local
aquifer and thereby reduce its safe yield. Porous paving would correct this
condition. -

9) The full range of safety improvements resulting from porous
pavements has been evaluated only at The Woodlands, Texas, site (4). However, as
previously discussed, the improvements to wet pavement skid resistance have been
used successfully on road surfaces in numerous states and airport pavements in
England, New Mexico and New Hampshire. The results of sliding friction tests
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conducted by Hollinger (4) at The Woodlands site and the United States Air Force
Weapons Laboratory at the Dallas site (12) are presented in Table 4. As expected,
the friction coefficients for wet porous paving are significantly greater than for wet
conventional paving. Also during these tests a singular, and as yet unresolved,
anomaly was discovered at The Woodlands site - porous pavement surfaces have a
higher friction coefficient when wet than when they are dry. Hollinger also
determined that:

a)  Porous asphalt pavements generate slightly less traffic noise than
conventional asphalt pavements.

b)  There is no real difference in light intensity reflected from white
and yellow markings on either type of pavement. However, the
effects of glare from oncoming vehicle lights, which obscure the
reflected light from paint on a wet conventional asphalt pavement,
were not evaluated. '

c) Porous asphalt pavements tend to deflect for a longer time than
conventional asphalt pavements, but the magnitude of deflection is
approximately equal.

On the negative side of porous pavement usage, the most often expressed
concern is the susceptibility of the pavement to clogging. With proper care and
maintenance, this problem should not occur and past experience supports the
veracity of this statement.

Clogging of the pavement pores generally occurs due to operational and
construction scheduling problems. For example, spills of construction materials on
finished pavements, or hillside erosion and sedimentation on finished pavements may
clog the pavement or reduce its permeability. Obviously, the solution to con-
struction-related problems with porous pavements is to finish all ground preparation
and earth work prior to installation of porous pavements. After construction, the
haulage of clogable materials across porous pavements must be conducted with
extreme care to prevent spills.

If a spill should occur, immediate vacuuming and washing with a water jet will
restore pavement permeability almost to pre-spill rates - tests conducted at The
Woodlands site indicate a permeability recovery in excess of 95 percent. However,
if the pores are clogged and the dirt is compacted or ground in by traffic to a depth
greater than 0.5 inches (1.27 cm), full permeability cannot be restored. In this case,
holes may be drilled through the clogged area to provide the necessary drainage.
The areal distribution of holes required would be a function of pavement slope and
degree of clogging.

Porous pavement surfaces can also be ineffective during the melting of snow
which has accumulated on the surface; or if rain occurs on a frozen surface.
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TABLE 4

FRICTION COEFFICIENTS FOR POROUS PAVEMENT SURFACES

TEST PAVEMENT DRY WET
DATE ‘ TYPE CONDITION ' CONDITION

L4

Dallas, Texas (12)

11/71 ' Porous asphalt ; 0.76 0.70
Conventional asphalt 0.74 0.16
Grooved concrete 0.76 0.71

Woodlands, Texas (4)

12/75 Porous Asphalt old 0.61 0.85
Porous asphalt new 0.66 0.74
Conventional asphalt 0.73 0.55
2/76 Porous aspha]t old 0.82 0.95
Porous asphalt new 0.83 0.90
Conventional asphalt 0.99 0.81
L/76 Porous asphalt old 0.74 0.84
Porous asphalt new 0.80 0.84
Conventional asphalt 0.78 0.71
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A second disadvantage in the use of porous pavement results from the fact
that some existing building codes and regulations are not intended for this new type
of technology. Specifically, if conventional drainage structures (curbs, gutters,
inlets, etc.) are arbitrarily required in all parking areas, then the construction costs
of porous pavement installation become economically excessive.

A temporary drawback arises out of a lack of data to indicate the capabilities
of porous pavement to filter and purify all contaminants in runoff. Initial results at
The Woodlands site indicate a reduction of most pollutants, but the data is
insufficient for generalization. Also, it is obvious that severely polluted runoff
should be excluded from a porous pavement because of its susceptibility to clogging.

Spillage of gasoline from leaking tanks of automobiles parked on the porous
pavement lot will break down the asphalt binder to greater depths than on
conventional pavements, primarily because the pores on the open graded mix permit
excursion of the gasoline into a larger spatial volume. The solution to this problem
may be the use of tar binders rather than asphalt.

The negative aspects of porous pavements as discussed above are not insur-
mountable in most instances. Also, the advantages far outweigh the disadvantages.
Consequently, the potential for porous pavement usage is expected to increase as
the problems outlined in this section are resolved.
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SECTION 7
DESIGN CONSIDERATIONS
The design of a porous pavement parking area requires the same basic

procedures as for a conventional parking area. However, the drainage aspects and
the corresponding changes in load-bearing capacity of the pavement require detailed
attention. In general, the design procedure will follow 3 basic functions:

. Determination of existing soil properties

2.  Load-bearing design of pavement and subgrade

3. Hydrologic design of pavement and subgrade
In addition to these 3 basic functions, corresponding operational and maintenance
factors during and after construction must also be considered. Each of the functions

is described in the following discussion:

Determination of Existing Soil Properties

At most building sites, the location of the parking area is governed by
numerous factors, including;

a. Building aspects
b.  Aesthetics

c.. Convenience

d.  Surface slope

During the pre-design phase, factors affecting porous pavement installation must
also be considered.

Initially, a site inspection is imperative. Environmentally critical, unique, and
undevelopable areas must be identified and adequate precautions taken to prevent
damage to these areas during and after construction. The ideal location for porous
pavement is a well-drained soil on a relatively flat slope. Desirable trees and shrubs
which will not significantly affect traffic patterns and yet provide shade and beauty
to the area must also be identified and demarcated for preservation. Predominantly
_clay soils must be avoided or, if this is not possible, relief measures must be adopted
in the design.
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All available soil data for the site should be acquired and inspected. The
United States Department of Agriculture Soil Conservation Service has developed
soil maps for most counties in the United States; but in some areas even more
detailed soil information may be available. The Soil Conservation Service has
classified most soils into 4 hydrologic soil groups, defined as follows:

(A) Soils having high infiltration rates, when thoroughly saturated and
consisting chiefly of deep and well-drained sand or gravel. These
soils have a high rate of water transmission and low runoff
potential.

(B) Soils having moderate infiltration rates, when thoroughly saturated
and consisting chiefly of generally deep and well-drained soils with

moderately fine to moderately coarse texture. These soils have a

moderate rate of water transmission.

(C) Soils having slow infiltration rates when thoroughly saturated and
consisting chiefly of soils with a layer that impedes downward
movement of water, or soils with moderately fine or fine texture.
These soils have a low rate of water transmission.

(D) Soils having a very slow infiltration rate when thoroughly saturated
and consisting chiefly of clay soils with a high swelling potential,
soils with a permanent high water table, soils with a clay pan or
clay layer at or near the surface, and shallow soils over nearly
impervious materials. These soils have a very slow rate of water
transmission and a very high runoff potential.

In the above definitions, infiltration rate is the rate at which water enters the
soil at the surface, which is controlled by surface conditions (percolation rate), and
the transmission rate is the rate at which the water moves in the soil and is
controlled by the soil horizons or layers.

Appendix B presents a list of more than 4,000 soils in the United States and
Puerto Rico compiled by the Soil Conservation Service with hydrologic soil group
classifications for each soil. These classifications are based partly on the use of
rainfall runoff data from small watersheds or infiltrometer plots. However, the
majority of the classifications are based on the judgement of soil scientists who use
physical properties of the soil in making their decisions. Each soil was classified in
a particular hydrologic group by comparing its profile with profiles of soils already
classified. It was assumed that the soil surfaces were bare, maximum swelling had
taken place, and rainfall rates exceeded surface detention and infiltration. Thus,
most of the classifications are based on the premise that similar soils (similar in
depth, organic matter content, structure, and degree of swelling when saturated)
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will respond in an essentially similar manner during a rainstorm having sufficient
intensities to generate runoff.

If the site inspection or other information indicates that the original soil
classification may not be correct, additional testing may be required to properly
identify the hydrologic soil group for that particular soil. Hydrologic soil groups (A)
and (B) are ideal for porous paving sites. However, potential areas in soil groups (C)
and (D) require more attention. In certain areas (low design runoff volumes), soil
groups (C) and (D) may be acceptable. However, in the general case, appropriate
external drainage measures, e.g., greater excavation and replccemem‘ with porous or
drainable fill, may be justified. :

After the site is tentatively located for the best available location and
drainage conditions, core samples must be taken of the soils which will lie under the
proposed parking area. Core depth should go down to the water table or
impermeable layer of rock or clay. If this is impractical, borings should extend to a
depth sufficient to indicate no barriers to vertical seepage of water. In most cases,
a maximum depth of 20 feet (6.1 m) should be adequate, or if the water table is
intersected prior to this, down to the water table. The soil borings must be
inspected for any soil layers of reduced permeability. If bedding planes are
horizontal, the permeability in the least permeable soil must be used as the soil
design permeability.

If the soil structure shown by adjacent soil borings is not similar, steeply
sloping or vertical, bedding plants, or previously disturbed soil (compacted fill, etc.)
may be indicated. In this case, an intensive soil boring program may be necessary to
assure no impermeable lenses or layers. In general, two cores may be all that is
required on small parking areas no greater than 2-acre (0.2 hectare) in extent.
On larger areas, the cores may be taken 100 to 150 feet (30.5 to 45.7 m) apart.
However, prior experience and knowledge of the site (from foundation core analysis,
etc.) may dictate a less extensive program.

The core samples are used to determine soil structures and subsurface
characteristics including permeability and barriers to the movement of ground
water. If surface sealing, from silt accumulation or compaction by ftraffic, is
suspected, percolation tests may be required. These tests essentially define the
surface absorption capacity and permeability of the top layer of soil. However, as
mentioned previously, the least permeable layer of soil must be used to determine
the design permeability of the soil mass.

Soil core samples must also be tested for bearing and shear strength. All
strength and drainage tests must be conducted for dry (general) and saturated
(critical) conditions. Also, susceptibility to frost heave and loss of strength under
saturated conditions must also be determined.
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Load Bearing Design of Pavement and Subgrade

Final design of a porous pavement system requires the determination of the
total thickness of the porous pavement from top of pavement to subbase soil. This
thickness is influenced by the bearing strength, water storage required, and frost
depth. The greatest thickness determined by each of these conditions will be the
design thickness.

Bearing strength properties of different soils have been thoroughly investi-
gated by Franklin Institute Research Laboratories. Using the California Bearing
Ratio (CBR) test, all soils can be classified into four soil strength categories, as
listed in Table 5. The design traffic intensity may be divided into 3 groups, defined
by the average daily Equivalent Axle Load (EAL) and the minimum thickness for
each strength category and traffic intensity group defined. These results are
presented in Table 6.

As described previously, the total thickness of the paving system is a
combination of the open graded base course and the surface layer of open graded
asphalt mix. '

Recent studies by the Federal Highway Administration (FHWA) indicated that
variations in asphalt content have little effect on Marshall and Hveem stabilities or
flow values. However, the importance of having at least some fine aggregate to
provide a "chocking" action for the stabilization of the porous aggregate fraction
must be recognized. Also, a minimum of 2 percent passing the Number 200 sieve
must be required to control the asphalt drainage characteristics of the mixture by
effectively increasing the viscosity of asphalt cement.

The Franklin Institute Research Laboratory and the FHWA recommended
gradation limits for aggregate mix as well as gradation limits developed by the U.S.
Army Corps of Engineers' Waterways Experiment Station (WES) and U.S. - Naval
Facilities Engineering Command (NAVFAC) and others are listed in Table 7 along
with the slightly modified gradation limits proposed in this report. It can be seen
from the comparison of gradations in Table 7 that the Franklin Institute Research
Laboratories gradation ailows slightly larger aggregate and more fines passing the
Number 8 sieve. However, it does not require any mineral filler passing the
Number 200 sieve or fines passing the Number |6 sieve. The gradation recom-
mendation herein is essentially similar to that recommended by the Franklin
‘Institute Research Laboratories, except that a minimum of two percent passing the
Number 200 sieve has been included.

The reasons for favoring the Franklin Institute Research Laboratories grada-
tions are as follows:

I.  The experience with existing porous asphalt parking lots has been
generally good.
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TABLE 7

AGGREGATE GRADATION LIMITS FOR POROUS ASPHALT MIXES

Percent Passing

Sieve Gradation Franklin
Size Recommended FHWA Institute
1/2" 100 100 -
3/8" 90 - 100 100 ‘ 90 - 100
#h 35 - 50 30 - 50 35 - 50
#8 15 - 32 5 - 15 15 - 32
#16 2 - 15 , 0 - 15
#200 2 - 15 2 -5 0 -3
Newark, Chester Co., Greensboro, Dallas,
Delaware Pennsylvania - N. Carolina Texas
1/2" 100 100 100 90 - 188
3/8" 90 - 100 95 - 100 97 30 - 55
#4 35 - 50 35 - 38 0 - 22
#8 15 - 32 15 15.7 ‘ 0 - 12
#16 0 - 15 10 6.1 0 -5
#200 0 -3 2 2.0
Perth
Australia
13.2 mm 100
9.5 mm 96
6.7 mm 66
4,75 mm 38
2.36 mm 22
1.18 mm 15
0.6 mm 13
0.3 mm 13
0.15 mm 5
0.075 mm 3

Note: 1 inch = 2.54 cm
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2. The FHWS, WES, and NAVFAC mixes are aimed at a thin overlay
over existing pavements, whereas the Franklin Institute Research
Laboratories mix has been placed in a thicker layer over open
graded base material.

3. The primary objective of the FHWA open graded asphalt friction
course is removal of water from the surface of the pavement. The
objective of the Franklin Institute Research Laboratories porous
asphalt pavement, however, is to provide a porous and stable
surface over base material that essentially functions as a water
storage basin.

4, The traffic levels experienced by existing pavements using each
type of gradation have been different, although the Franklin
Institute gradation originated from California experience on
highways.

The approach to mix design taken from FHWA is aimed at testing the porous
aggregate to arrive at the surface coverage capacity, which includes absorption,
superficial area, and surface roughness. All of these properties affect the asphalt
cement requirement. A simple linear relationship obtained from field experience is
then applied to arrive at the percent asphalt that should both provide the necessary
cementation between particles and leave sufficient voids (the average FHWA goal is
a minimum of |5 percent voids as compared to Franklin Institute Research
Laboratories goal of 16 percent) while not creating excess asphalt that will drain or
cause flushing.

The relatively open spaces within a porous asphalt mix require that additional
resistance to oxidation, raveling, and retention of cementitious properties is
required of the asphalt binder. Consequently, the aggregate particle must be coated
with asphalt films in the range of 3 to 4 times those of conventional asphalt
concrete., The asphalt content used in porous friction courses has generally been
approximately 6.5 percent by weight. Initially, this content was selected to
minimize the probability of excess drainage asphalt. Also, the mixing temperature
was selected to be relatively higher than the temperature used for conventional
asphalt mixes. Table 8 lists the asphalt content recommended and used by various
agencies.

, The Franklin Institute Research Laboratories mix design goals are similar to
those for a porous friction asphalt course, but the approach has been one of simply -
applying a narrow band of asphalt content of 5.5 to 6 percent which has proven
effective for the aggregates tested.

In a recent innovation by Husky Oil Company, the tenacity, ductility,

toughness, and low and high temperature performance of asphalt has been sig-
nificantly enhanced by the addition of neoprene. This modified asphalt contains
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TABLE 8

RECOMMENDED ASPHALT CONTENT FOR
POROUS ASPHALT MIXES

Asphalt
“Thickness Content Temperature
Location Inches % ‘OF

Newark, Delaware 2.5 5.5 | 275 - 300
New Castle Co., Delaware 2.5 6.0 275
Chester Co., Pennsy]&ania 2.5 5.0 240 - 280
Newtown, Pennsylvania 4.0 5.0
Perth, Australia 2.0 5.0 212 - 257
Woodlands, Texas 2.5 6.0 300
Greensboro, N. Carolina 0.75 6.5 280
Dallas, Texas ‘ 0.63 6.5 240

Note: 1 ingh = 2.54°cm
F=1,8(C)+ 32
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[.5 percent neoprene synthetic rubber which was specially formulated by the DuPont
Company for asphalt applications, and was used as a binder for the porous friction
courses at the Salt Lake City, Utah International Airport and Stapleton International
Airport in Denver, Colorado. It has been shown that neoprene has good aging
characteristics with high resistance to deterioration from ozone, sunlight, heat, and
weathering (16).

This product was tested at varying temperatures and asphalt content in a
porous friction course mix for the Greenboro-High Point-Winston-Salem Regional
Airport. The variations investigated and the resulting asphalt mix performance are
indicated in Table 9. Based on these results, the optimum asphalt binder content
was selected to be 6.5 percent and a mixing temperature of 300° F (149° C) at a
viscosity of 275 centistokes (16).

When design construction actually proceeds on a specific porous asphalt
pavement, it is suggested that asphalt drainage tests such as those described by
FHWA be conducted on the recommended mix to establish the sufficiency of 5.5 to
6 percent asphalt content for the specific aggregate characteristics that will be
proposed for use. This approach will be much more direct than implementing the
detailed tests recommended by the FHWA for their open graded asphalt friction
course. It will also provide a more positive approach than the general assumption
that a single asphalt cement content is sufficient for all aggregates.

Some other considerations in the preparation of the open graded asphalt
concrete mix are as follows:

. Relatively dry aggregates should be used to avoid vapor release
after the aggregate is coated.

2. Problems of crusting on the surface of the truck load during haul
may be experienced; consequently, the use of insulated covers over
the load to avoid heat loss is recommended.

3.  Most types of compaction equipment have been used successfully,
but medium to light weight vibratory rollers are somewhat better.
Also, the pavement has to be sufficiently cooled before rolling in
order to retain its shape.

4. The vibrating screed on laydown equipment is probably better for
this application than the tamping screed.

5.  Damage from freeze thaw on this kind of pavement is minimal.
At present, this type of pavement system is almost completely outside the

experience of most pavement engineers and pavement contractors. Because the
classical need for high density and low air voids in conventional pavement is the
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TABLE 9

EFFECTS OF VARYING ASPHALT CONTENT AND MIXING
TEMPERATURES ON POROUS PAVEMENT MIXES (16)

Asphalt Mixing
Content Temperature
% Deg. F Comments

6.5 280 Satisfactory

6.5 300 Smoother laydown

6.5 320 Bleeding in laydown
machine hopper

6.5 300 Satisfactory

6.75 300 Satisfactory

7.0 300 Loss of mix consistency,

individual aggregate
could be separated from
mix

Note: °F =.1.8(°C)~+ 32
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direct opposite of the construction goal for porous pavement systems, previous
experience of both design and construction personnel is to some extent obviated.

The porous asphalt cement layer is recommended to be 2% inches (6.35 cm) in
depth and the mix is to consist of the gradation previously recommended with 5.5 to
6.0 percent asphalt content initially. In order to obtain this close limit on asphalt
content, it is proposed to specify 5.75percent and to establish a tolerance of
0.25 percent on asphalt. Because the usual tolerance is approximately 0.5 percent,
it is not certain that this low tolerance can be obtained; however, it is believed that

it will be more nearly accepted if this type of tolerance is exercised in the
specifications.

Compaction with light equipment must be applied on a closely observed basis
to avoid over-compaction and collapsing of pores during construction. This should
be carefully organized at the time of construction. Sample specifications presented
in Appendix A have been developed by combining features of tentative specifica-

tions developed by Franklin Institute Research Laboratories and the Texas Trans-
portation Institute.

Hydrologic Design of Pavement and Subgrade

The thickness for porous pavement systems required for the storage of water
may be determined from a dynamic mass balance of inflow to and outflow from the
porous pavement system. As described in Section8, a computer model,
PORPAV (17), has been developed by the USEPA to perform these calculations.
However, manual calculations are also feasible but very tedious. An oversimpli-
fication, in general use, substitutes a steady-state operation for the dynamic process
of inflow, storage, and outflow from the porous pavement system. Furthermore,
some of the earlier designs ignored soil permeability and determined the total
thickness of the porous pavement system to store all runoff from the design storm.,
This last approach is too conservative, and not recommended for use at this time.

A very important consideration is the relative permeability of the base to the
subbase under the porous pavement. If the initial undisturbed permeability of the
subbase can be maintained during construction, then this permeabiliiy may be
expected to be available during operation of the porous pavement system. However,
if the subbase is compacted in any way, by design or inadvertently, a substantial loss
in permeability may be expected. Some studies have indicated that even sand can
be compacted to where its permeability is comparable to that of clay (14).
Consequently, potential porous pavement areas must be treated with due care prior
to and during construction to.minimize subbase compaction at the site. Traffic or
material storage activities on the site should also be excluded.

The design for frost depth must consider both loss of strength due to freeze

thaw cycling and frost penetration, particularly in soils where more than 3 percent
of the particles are smaller than 0.02 mm in diameter. Table 10 lists the Franklin
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Institute Research Laboratories recommendations for frost depth design thickness
for the 3 traffic groups previously described. The local frost penetration depth at
the proposed site must also be considered. This information is generally available in
the building codes of most municipalities and used primarily in foundation design.

The design storm, contributing areas, and soil permeability selected for a
given porous pavement design will determine the storage volume required in the
base. The selection of the design storm is in most cases dictated by local drainage
regulations, but more frequent (less intense) design storms may be selected if
adequate handling of runoff from storms in excess of the design storm is considered.
If the design storm is not specified by local regulation, a prudent choice must be
made after evaluating the consequences of flooding induced or exacerbated by the
proposed development. Areally large developments tend to create major flooding
problems during infrequent storms, but small developments do not generally impact
the existing drainage systems and more frequent storms may be selected for these
areas.

The contributing area to a porous pavement system may be dictated by the
design storm and local hydrologic conditions. In areas of long duration and intense
rainfall, the contributing area will be minimum. However, in more arid areas, where
rainfall is of short duration, the contributing area can be quite extensive. Another
factor to be considered is the nature of the contributing area, because pervious
and/or grassed uphill areas will not contribute as much runoff as impervious areas.
In practice, most contributing areas are rooftops, driveways, and other impervious
ground cover. Therefore, the design storm magnitude is generally the most
important criterion for hydrologic determination of porous pavement depth.

If the design storm and contributing area are pre-defined for a given drainage
area, and if the base storage capacity is physically or economically limited, drainage
relief measures may be incorporated into the system. These relief measures can
range from french drains and perforated pipe drains to underground cisterns.
However, the drain discharge must be properly disposed of, to the most convenient
drainageway, if only peak reduction of runoff is desired, or to a retention pond if
both peak and volume reduction are desired.

When the subbase permeability is relatively low (hydrologic soil group (C) or
(D)), a very thick base may be required to store the water, and residence time in
the base may be sufficiently long to develop undesirable side effects, like freezing
or anaerobic or septic water conditions. One solution would be to provide a relief
drain as described above, or, as in the case of The Woodlands, Texas site, a portion
of the subbase may be replaced with sand and drains located in the sand. On the
other hand, if a drainage channel is available nearby, a buried trench filled with the
same type base material as the porous pavement may be installed from the base
reservoir side to the channel, thereby providing an underground connection and flow
conduit.
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When the site is level, the rain falling at a given spot stays in the reservoir
until it can percolate into the ground. However, when the site is sloped, the water
in the reservoir tends to flow to the lower areas, leaving the upper parts of the
reservoir empty and useless. Thus, the low parts of the base should be thicker, to
hold more water, and the higher parts not thicker than necessary to handle the
mechanical loads.

The proposed slope of the porous pavement should be reduced as much as
possible in order to utilize the base storage volume more efficiently. On any sloping
porous pavement or on a horizontal porous pavement with an artificially induced
hydraulic head at one end, e.g., inflow at one end only, a substantial flow may be
expected through the relatively open base course, and in the case of certain
pavements water may drain out of the pavement at the low end because lateral
movement is much faster than infiltration. This condition could be avoided by
reducing the slope, increasing the depth of the base course in the downstream
direction, and installing relief drains as previously described, or terracing the area
using cut-off walls under' the pavement and concrete curbs on top of it. The latter
option is particularly effective on very steep slopes or very large areas where site
leveling would not be practical or economical.

Porous pavement, layed out on an existing low or moderate slope with
adequate base storage capacity, is the most ideal, aesthetic, and economical
solution because grading a site to be level can be very expensive. Also, the exposed
slopes draining onto the porous pavement must be stabilized to prevent eroded
materials from washing onto the pavement and clogging the pores. '

Operation and Maintenance During and After Construction Activities

In general, operation and maintenance during and after construction of porous
pavements is minimal and most existing sites remain functional as designed.
However, one loss of porosity failure has been experienced at Bryn Mawr Hospital
near Philadelphia, Pennsylvania. The reason for this failure is discussed below.
Other failures could result from poor construction supervision, or lack of experience
with this product.

Experience with porous friction courses has indicated several other potential
problem areas. These include "cool down" time to allow the asphalt binder to set
prior to the regular operations on new construction. This problem was recognized at
the North Carolina Airport (16). Another problem can be the use of these porous
friction courses on steep (by Interstate Highway standards) grades, where heavy
trucks are required to brake. In this instance, the pores collapse and the gravel
aggregate may even come apart, resulting in a loss of pavement.

The porous asphalt will lose its porosity as a result of several factors, the most
important of which are listed below:
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. Eroded soil and detritus being washed onto the pavement.

2. Construction materials being deposited or tracked in by construc-
tion equipment.

3. Washing of construction equipment, especially concrete trucks,
onto the pavement.

4. Finishing of concrete structures on, or adjacent to, the pavement.

5. Collapsed pores due to constant vehicle braking at the same spot
(entrance, exit, curves, etc.).

6. Collapsed pores resulting from rolling of hot open graded mix
before it is sufficiently cooled to resist the roller. Also, the
temperature of the hot mix at the site should not be so high that
the asphalt will drain away, thereby causing a loss of cemen-
tiousness.

It is obvious that with careful attention.to construction scheduling, and close
supervision of site operations, as well as a regular maintenance program, all of these
problem areas can be avoided. Also, if a spill should occur, immediate corrective
measures should be taken. Vacuuming and jet spray washing will generally restore
the original pavement permeability.

Also, the use of curbs should be avoided because these can prevent wind
removal of site-generated or airborne influx materials (trash and leaves) common to
most parking lots. This factor is the major reason for the failure of the Bryn Mawr
lot.

Furthermore, Franklin Institute Research Laboratories have determined that
at some locations interficial surface tension of water on asphalt will cause the
pavement to temporarily become unable to absorb water. However, after the
pavement is thoroughly wet, full permeability will be restored.

In order to prevent any loss of permeability during the life cycle of the parking
lot, a regular maintenance program which includes vacuuming and jet spray washing
should be implemented. If substantial amounts of wind-borne materials are
expected to accumulate on the pavement surface and be washed into the base by
runoff, additional storage should be provided within the base for these materials.
The volume required for this type of storage must be determined from site
conditions and expected environmental conditions.

The greatest hazard to loss of porosity in porous pavement occurs during the

construction phase. During that time, an extensive portion of the area is not
protected from erosion and/or construction equipment. Therefore, special pre-
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cautions must be taken to prevent construction equipment from depositing or
tracking dirt onto the pavement, and to prevent sediment from adjacent hillsides
being washed onto the pavement. If this should occur, immediate vacuuming and jet
spray washing should be conducted.

To prevent sediment from being deposited on the pavement, sediment trap
fences or diversion ditches may be installed around the pavement area. The
sediment fence could be filter material or fabric anchored in the ground and
supported by vertical stakes adequately spaced behind the fabric to support the
water pressure. A diversion ditch should be designed to have sufficient capacity to
remove all of the expected runoff and be able to maintain its grade below that of
the pavement. Also, the design velocity should not exceed the non-erodible velocity
for the channel lining material.

- If at all possible, the installation of the porous pavement lot should be delayed
to be the last construction activity on the site, This approach would necessarily
~ involve additional soil erosion areas during construction and these would require
further controls. However, the integrity of the porous pavement would be retained
at a much less diligent effort. Also, some protection may be necessary immediately
after construction. Once vegetation is established and most areas are stabilized,
the runoff should be devoid of excess sediment material.
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